ABSTRACT: Aerosol-cloud interaction contributes to the largest uncertainties in the estimation and interpretation of the Earth's changing energy budget. The present study explores experimentally the impacts of water condensation-evaporation events, mimicking processes occurring in atmospheric clouds, on the molecular composition of secondary organic aerosol (SOA) from the photooxidation of methacrolein. A range of on-and off-line mass spectrometry techniques were used to obtain a detailed chemical characterization of SOA formed in control experiments in dry conditions, in triphasic experiments simulating gas-particle-cloud droplet interactions (starting from dry conditions and from 60% relative humidity (RH)), and in bulk aqueous-phase experiments. We observed that cloud events trigger fast SOA formation accompanied by evaporative losses. These evaporative losses decreased SOA concentration in the simulation chamber by 25−32% upon RH increase, while aqueous SOA was found to be metastable and slowly evaporated after cloud dissipation. In the simulation chamber, SOA composition measured with a high-resolution time-offlight aerosol mass spectrometer, did not change during cloud events compared with high RH conditions (RH > 80%). In all experiments, off-line mass spectrometry techniques emphasize the critical role of 2-methylglyceric acid as a major product of isoprene chemistry, as an important contributor to the total SOA mass (15−20%) and as a key building block of oligomers found in the particulate phase. Interestingly, the comparison between the series of oligomers obtained from experiments performed under different conditions show a markedly different reactivity. In particular, long reaction times at high RH seem to create the conditions for aqueous-phase processing to occur in a more efficient manner than during two relatively short cloud events.
INTRODUCTION
Many secondary organic aerosol (SOA) components and precursors are water-soluble, and some of them have been observed in cloudwater droplets in large field campaigns such as HCCT-2010, 1 SOAS, 2 and in the Po Valley. 3−5 The atmospheric reactivity is markedly different in the water phase with respect to the gas phase. For example, clouds can promote oxidation of sulfur dioxide by ozone and/or by hydrogen peroxide, 6, 7 can promote oxidation of water-soluble organic compounds (WSOCs) with subsequent formation of organic acids and oligomers, 8−11 and can create the conditions for photo-Fenton reactions to occur in the presence of metals. 12 Photooxidation processes occurring in cloud droplets can be responsible for substantial modifications of the physical and chemical properties of both volatile organic compounds (VOCs) and particles, which initially served as cloud condensation nuclei (CCN). Such modifications are still largely unknown, especially for organic species, but they may alter the surface of the particles and hence their ability to serve as new CCN 11 and thus trigger a feedback cycle on clouds. Isoprene is the most abundant nonmethane hydrocarbon emitted in the atmosphere, and its atmospheric photooxidation is one of the largest sources of SOA at a global scale. 13, 14 Many studies have been conducted on isoprene oxidation in smog chambers, 15−19 during field measurements, 2,20−26 and through modeling 27−30 to better estimate global SOA formation and characterize SOA composition at the molecular level. For example, isoprene was thought to be a weak aerosol producer, but in the presence of wet acidic sulfate aerosol high quantities of SOA have been observed in the southeastern U.S. formed through the isoprene epoxydiol (IEPOX) pathway. 31−35 Because most of the photooxidation products of isoprene are water-soluble, their aqueous-phase processing has an important influence on SOA formation and aging. 36 We investigated the impact of cloud events on an isoprene/NO x system in the presence of light and at different oxidation stages experimentally in a recent study. 37 It was observed that a single and relatively short cloud event under irradiation led to a significant aqueous-SOA (aqSOA) production, with mass yields 2 to 4 times higher than those observed for isoprene photooxidation experiments performed under dry conditions. However, this aqSOA seemed to be metastable in the simulation chamber environment, as it evaporates slowly after cloud dissipation. 37 Characterization of aqueous isoprene SOA was done in previous studies by collecting on filters SOA produced under high-NO x conditions in smog chambers, followed by photooxidation in aqueous-phase photoreactors. 36, 38 Liu et al. 36 observed that the OH aq -radical aging of isoprene SOA induces a significant change in aerosol composition, characterized by higher hygroscopicity, formation of small organic acids (including formic, glyoxylic, glycolic, butyric, oxalic, and 2-methylglyceric acids), and enrichment in oligomers from reactions promoted by the OH radical (·OH). In similar experiments, Nguyen et al. 38 observed photochemical production of furoxan-type and N-heterocyclic compounds but also degradation of high molecular-weight compounds.
High molecular-weight compounds, especially oligomers, have been the center of discussions for years concerning their importance in the ambient atmosphere. Kalberer et al. 39 discovered that aged SOA from oxidation of aromatic compounds in a smog chamber contains a large fraction of oligomers; however, field studies in the ambient atmosphere reported only limited oligomer formation from biogenic precursors, that is, isoprene and monoterpenes. For example, Surratt et al. 18 reported dimer formation from isoprene photooxidation, while Yasmeen et al. 40 provided evidence for dimer formation from α-pinene photooxidation. Recently, Kourtchev et al. 41 established that precursor concentrations and SOA mass are governing factors in triggering oligomerization of biogenic compounds, thus explaining the different findings between laboratory and field studies but highlighting that, in a future warmer climate, oligomers will become increasingly important SOA components.
Oligomerization can occur through different pathways, such as peroxyhemiacetal and acyl hydroperoxide formation, aldol and gem-diol reactions, and esterification. 7, 42 Evidence was also presented for oligomerization through secondary ozonide formation from bimolecular reactions involving Criegee intermediates, Criegee self-reactions, and heterogeneous reactions involving multifunctional hydroperoxides from stabilized Criegee intermediates. 42−44 Concerning isoprene SOA, Zhang et al. 45 and Nguyen et al. 15 established that a high relative humidity (RH) suppresses oligomer formation not only in the case of condensation reactions (accompanied by loss of a water molecule) but also for hemiacetal formation. Conversely, Rodigast et al. 46 highlighted a contradicting dependence of oligomer formation from methylglyoxal (an isoprene oxidation product) under varying RH and pH. Oligomerization from isoprene oxidation can occur also from acid-catalyzed ring-opening reactions of multifunctional epoxides. 35, 47 Studies on aqueous-phase photooxidation of methacrolein and methyl vinyl ketone, the two main first-generation gas-phase oxidation products of isoprene, have shown that they act as precursors for long homologous series of oligomers. 48−50 In the case of methyl vinyl ketone, it has been suggested that oligomers are formed via radical reactions. 38 In more complex mixtures of unsaturated conjugated precursors, co-oligomerization has been observed, forming complex oligomers bearing monomers of different structures. 51 These detailed studies on aqueous-phase processing have been performed in bulk solutions and at high initial precursor concentrations; therefore, they need to be complemented with experiments that can simulate more realistic conditions in terms of gas-dropletaerosol interactions.
The aim of this work is to study the formation and characterize the composition of SOA derived from the photooxidation of methacrolein during cloud condensationevaporation cycles to better simulate the interaction between VOCs, aerosol, and cloud droplets under atmospherically realistic conditions. A range of various on-and off-line mass spectrometry techniques were used to obtain a detailed characterization of SOA at the molecular level in dry conditions, during cloud events and after cloud evaporation, and as such to obtain insights into the reaction processes involved in SOA processing in an aqueous/multiphase environment.
EXPERIMENTAL SECTION
2.1. Experimental Protocols and Online Measurements. Experiments were performed in the CESAM chamber (French acronym for Experimental Multiphasic Atmospheric Simulation Chamber), a 4.2 m 3 stainless steel smog chamber equipped with three high-pressure xenon arc lamps and Pyrex filters of 6.5 mm thickness that produce an irradiation spectrum very similar to the solar spectrum at ground level. 52, 53 Details of experimental protocols and measurements are reported in previous studies. 37, 53 Briefly, methacrolein was reacted with ·OH in the presence of NO x under irradiation in dry conditions (RH < 5%) and at constant temperature (Table 1) without seed particles. Cloud experiments were performed by generating clouds after the SOA mass reached its maximum concentration in dry conditions. In a first step, RH was increased to greater than 80%, shortly after the first cloud was generated using the protocol (triphasic protocol gas-particulatecloud) already described elsewhere, 37, 52 and a second cloud was generated ∼1 h after the evaporation of the first cloud. Control experiments of isoprene and methacrolein photooxidation in dry conditions (without cloud formation or increased RH) and blank experiments (without VOC injection but with and without cloud formation) were also done. Additionally, a triphasic experiment starting at 60% RH rather than at dry conditions was also performed. A scheme of the different methacrolein photooxidation experiments is reported in Figure  1 . Chamber blanks were checked at the beginning of each experiment with online instruments; VOCs and particle concentrations were always below detection limits.
VOC measurements were done online with a Fourier transform infrared spectrometer (FTIR, Bruker, TENSOR 37) and a proton-transfer-reaction time-of-flight mass spectrometer (PTR-TOF-MS 8000, Ionicon Analytik). HONO was measured with NitroMAC, an instrument developed inhouse. 54 Ozone was monitored with a Horiba APOA-370 analyzer, and NO x was measured using a Horiba APNA-370. SOA size distributions were measured using a Scanning Mobility Particle Sizer (SMPS) composed of a Differential Mobility Analyzer (DMA, TSI, model 3080) coupled to a Condensation Particle Counter (CPC, TSI, model 3010), and a high-resolution time-of-flight aerosol mass spectrometer (HR-TOF-AMS, Aerodyne). The SMPS and the HR-TOF-AMS instruments were connected to the chamber through the same sampling line, dried with a 60 cm Nafion tube (Permapure, model MD-110). The RH was continuously measured downstream of the Nafion tube and was always less than 22%, maintaining the RH in the sampling line lower than the efflorescence point of any expected aerosol species. 37 Drying the sampling line has the advantage of preventing clogging of the critical orifice of the instruments and possible electrical discharges that may happen in the DMA at high RH; however, it may lead to partial losses of reversible aqSOA. 55 More details about experimental protocols and online measurements can be found in previous studies. 37, 52, 53 2.2. Aerosol Collection and Offline Analyses. 2.2.1. Collection of Aerosol Samples on Filters. At the end of each experiment, the aerosol was collected on a prebaked (650°C for 24 h) quartz fiber filter (diameter 47 mm, Tissuquartz 2500 QATUP, Pall Life Sciences), as used in previous studies, 56 using a stainless-steel filter holder (Pall Life Sciences) fitted with an upstream charcoal denuder directly connected to the chamber. The denuder was purged using pure N 2 for at least 8 h prior to each experiment. Sampling was done at a flow rate of ca. 18 L min −1 for at least 8 h (overnight sampling at the end of each experiment to collect all SOA present in the smog chamber). Filters were then wrapped in clean aluminum foil and kept at −20°C until analysis. Filter blanks, chamber blanks, and experimental blanks were also collected routinely during the campaigns.
2.2.2. GC-MS Analysis. For gas chromatography−mass spectrometry (GC-MS) analysis, sections of the filters (1/4, 1/8, or 1/16, depending on the aerosol mass collected on the filters) were spiked with recovery standard (methyl O-Lxylanopyranoside; Sigma-Aldrich) and extracted three times Figure 1 . Scheme of methacrolein photooxidation experiments performed in the CESAM chamber and in the aqueous phase photoreactor. RH t0 refers to RH at the beginning of the experiment, and RH tf refers to RH at the end of the experiments, after the cloud events. with 10 mL of methanol for 5 min under ultrasonic agitation. The combined extracts were reduced with a rotary evaporator to ∼1 mL. Filtered concentrates (Teflon syringe filter, 0.45 μm) were completely dried under a gentle stream of N 2 . The trimethylsilylation reagent used was N,O-bis(trimethylsilyl)-trifluoroacetamide containing 1% trimethylchlorosilane as a catalyst. A mixture of the reagent and pyridine (2/1; v/v) was added to the dried samples, and the mixtures were reacted at 70°C for 1 h and left at room temperature overnight. An aliquot of 1 μL was analyzed in a system comprising a TRACE GC2000 gas chromatograph, which was coupled to a Polaris Q ion trap mass spectrometer equipped with an electron ionization (EI) source (Thermo Scientific, San Jose, CA). A Heliflex AT-5MS fused silica capillary column (5% phenyl, 95% methylpolysiloxane, 0.25 μm film thickness, 30 m × 0.25 mm internal diameter) preceded by a deactivated fused silica precolumn (2 m × 0.25 μm i.d.; Alltech, Deerfield, IL) was used to separate the derivatized extracts. Helium was used as carrier gas at a flow rate of 1.1 mL min The signals (peak areas) of the total ion chromatograms served as input data for the quantitative determinations. The calibration was done using glyceric acid as surrogate standard for 2-methylglyceric acid (2-MG); the amounts given for the 2-MG-related compounds are thus in 2-MG equivalents. For the quantification of the 2-methyltetrols, meso-erythritol was used as surrogate standard.
Additional samples were analyzed with GC-MS from isoprene photooxidation experiments already described elsewhere 37, 53 and whose experimental details are reported in Table  S1 of the Supporting Information. Briefly, experiments were performed with both the triphasic (gas-particulate-cloud) protocol (described in Section 2.1) and a diphasic protocol (gas-cloud) in which the RH was increased and clouds were formed during the first stages of isoprene photooxidation (after 2 h of irradiation) prior to any SOA formation. Control experiments in dry conditions and blank experiments were also done. Samples were collected following the same procedure described in Section 2.2.1.
2.2.3. NanoESI-HRMS Analysis. 2.2.3.1. Sample Preparation and Analysis. Filters were extracted in methanol (Optima LC/MS grade, Fisher Scientific) in slurry ice in an ultrasonic bath and then filtered according to the procedure described elsewhere. 56 The volume of each extract was then adjusted to a concentration of ∼0.2 μg/μL of SOA by evaporating the solvent to ∼30−1300 μL (depending on the total mass of SOA collected) under a gentle flow of N 2 .
A high-resolution mass spectrometer (LTQ Velos Orbitrap, Thermo Scientific, Bremen, Germany) with a resolution of 100 000 at m/z 400 and a typical mass accuracy within ±2 ppm equipped with a chip-based nanoESI source (Triversa NanoMate Advion, Ithaca, NY) was used to analyze the extracts. Samples were sprayed at a gas (N 2 ) pressure of 0.30 psi at 1. , and Na = 0−1 (only in positive mode). For each peak, the 40 assignments with the lowest mass error were retained at this stage. Data were then filtered using a Mathematica 10 (Wolfram Research Inc., UK) code developed in-house and described in detail elsewhere. 57 A mass shift tolerance was defined by comparing theoretical and experimental masses of 10−20 compounds, which are either known background contaminations in the mass spectra or known oxidation products from isoprene and methacrolein. Formula assignments were selected based on widely accepted rules for filtering molecular formulas from accurate mass measurements. 58 Only peaks with intensities 10 times higher than in the blanks (both procedural and experimental blanks), O/C ≤ 2, 0.3 ≤ H/C ≤ 2.5, N/C ≤ 0.5, and S/C ≤ 0.2 were further considered in the data analysis. When several formulas satisfied all restrictions within a 2 ppm accuracy, the formula with the lowest mass error (corrected for the average mass shift calculated from the 10−20 known compounds) was selected. Multiple molecular assignments are often found for peaks above 500 Da within the instrumental accuracy causing the resulting molecular assignment selecting the formula with the lowest mass error to be misleading. For this reason, peaks above 500 Da were still included in the dataset but discussed only to examine the length of homologous oligomer series identified at lower masses, using the method described in Stenson et al., 59 and they are not discussed in detail otherwise.
2.2.3.3. MonomerHunter. Repeating monomeric units within oligomers were investigated using the program "MonomerHunter" 60 available online (fgcz-m0n0merhunter. uzh.ch/cgi/main.pl). MonomerHunter takes a mass spectrum peak list as input and computes all mass differences ordered according to their frequency of occurrence. MonomerHunter was run on theoretical masses of the final peak lists of each high-resolution mass spectrometry (HRMS) sample on the entire mass range for peaks larger than 10% of the mean intensity, with a mass accuracy of 0.001 Da and for mass differences in the range of 1−320 Da. A molecular formula was assigned to each exact mass difference using the package "Rcdk" for R 3.2.5. 37 in methacrolein experiments when RH was increased from 2−5% to more than 80% in less than a minute (without cloud formation) the SOA mass concentration sharply decreased (Figure 2a and Table S2 ). The decrease in mass concentration was accompanied by a shift of the size distribution toward smaller diameters (from ∼200 nm to ∼150 nm in mobility diameter), while the number concentration remains constant. At the same time, the concentration of VOCs increased sharply upon RH increase (Figure 3) .
It was observed in a previous study that evaporative losses for fresh α-pinene and limonene SOA are larger and faster at high relative humidity due to the lower particle viscosity at high RH. 61 Isoprene-derived SOA has a lower viscosity than α-pinene-derived SOA. In fact, isoprene SOA is semisolid at RH < 30%, while it is liquid at RH > 60% 62 supporting the hypothesis that evaporative losses may occur on the particles when RH sharply increases from 25% to more than 80% as suggested also by the increase of VOC concentrations ( Figure  3 ). In our experimental conditions, SOA is likely to be formed predominantly through oxidation of methacryloyl peroxynitrate (MPAN) forming 2-methylglyceric acid (2-MG) and its oligomers as observed in previous studies 33, 35, 63, 64 and confirmed by GC-MS measurements (see Section 3.3.1). Zhang et al. 45 and Nguyen et al. 15 observed that high RH suppresses 2-MG formation and oligomerization in the isoprene-NO x system. Nguyen et al. 64 also observed that in an aerosol-droplet system acidity promotes re-evaporation of 2-MG to the gas phase. This also supports the hypothesis that evaporative losses may occur on the particles, and it may partly explain the low methacrolein-derived SOA measured in southeastern U.S. during the SOAS campaign. 25, 65 On the one hand, the increase of VOCs is even higher than the measured decrease in particle mass (Table S2 ), so gas-wall repartitioning of VOCs 66 and higher wall losses of SOA at high RH may also play a role. On the other hand, the characteristic very fast water injection may also be responsible for the observed losses. During water injection, a transient cloud may form, which can activate particles into very large droplets. Those droplets exhibit a very short lifetime in the chamber (lifetime of particles in the 200 nm range is on the order of several days, but in the 40 μm range it is only a few minutes). These ongoing losses of SOA mass also affected observations throughout the experiment, including during cloud events.
During cloud events, a slower decrease in dried SOA mass and an increase in number of particles were observed, suggesting that fresh SOA is produced although partly hindered by the ongoing evaporative losses. Concurrently, the watersoluble VOC concentration decreased (blue zones in Figures 3  and 4) as observed for isoprene SOA, suggesting a repartitioning of water-soluble VOCs into the cloudwater droplets. This can also be observed in Figure S1 , showing that the decrease in gaseous concentrations of VOCs is proportional to the Henry's law constant, indicating partitioning into the cloud droplets. As previously observed for isoprene SOA, 37 during cloud events a second mode at larger diameters (centered at ∼350 nm in vacuum aerodynamic diameter) forms (Figure 5b ). This second mode has been associated with the "droplet" mode observed in the atmosphere. 67−69 In our experiments, this second mode is overlapping with that formed in dry conditions (centered at ∼220 nm in vacuum aerodynamic diameter) and is composed of ammonium and nitrate as well as additional organic compounds (Figure 5b ). SOA formed during cloud events is metastable in the smog chamber and gradually decreases in 20−30 min after cloud dissipation (Org-PC1 trace in Figure 4 and Figure 5 ) probably as a result of gas-particles-wall repartitioning of the SVOCs formed during the cloud event. The Journal of Physical Chemistry A Article Two approaches were used to calculate the production of transient SOA mass during cloud events (i.e., the mass of aqSOA formed). First, a bimodal log-normal fitting was performed to evaluate the contribution of the second mode formed during cloud events to the total aerosol mass measured. Results are compared in Table S3 and show a SOA production ranging between 2.2 and 33 μg m −3 with an associated yield ranging between 1.3 and 16 × 10 . Second, principal component analysis (PCA) was used to decompose the time series of organic compounds (HR-TOF-AMS measurements) into the contribution of two latent variables: PC 1, explaining the variance due to production of SOA during cloud events and PC 2, explaining the variance due to production of SOA in dry conditions and the evaporative losses at high RH (Figure 4) . With this method, it is possible to extract the production of organic aerosol partly masked by the evaporative losses that range between 6 and 45 μg m −3 with an associated yield ranging between 2.9 and 26 × 10 −3 (Table S3 , Figure 4 ). The decrease of water-soluble VOCs from the gas phase is higher than both estimates, thus explaining the production of additional SOA mass (Table S3) (Table  S4) we can confirm that there is production of ammonium nitrate during cloud events. While formation of nitrate in a NO x -rich environment is expected, ammonium formation is much more surprising. The quantity formed is quite small and may be due to background contaminations of ammonia, as suggested previously for the smog chamber used in these experiments 37 and measured in another smog chamber of comparable characteristics. 70 Concerning organic aerosol, HR-TOF-AMS results show that its composition does not change significantly during cloud formation (Figures 5 and 6 ). Organic material is composed mainly of CHO compounds, while only one nitrogenous organic compound, the fragment C 4 H 7 N 2 O 3 + , was detected ( Figure 5 ). This fragment has been previously reported for isoprene/NO x SOA, 71 but it was not detected in GC-MS and HRMS measurements (Section 3.3), indicating that it may be a fragment of higher molecular-weight compounds.
The oxidation level of the organic compounds changes from dry conditions to humid conditions (high RH and cloud events). Figure 6 shows that, during SOA formation and aging in dry conditions, the oxidation level increases following the slope of formation of organic acids in the van Krevelen diagram. Increasing RH seems to accelerate the oxidation, as the time scale of SOA processing in high RH conditions is significantly smaller than in dry conditions (i.e., 10−15 min cloud event vs 450 min in dry conditions), but the change in O/C is comparable. However, no significant differences can be observed between high RH conditions and cloud events. Conversely, Figure 4 shows that concentrations of CHO fragments with more than one oxygen atom (i.e., AMSCHOgt1 trace in Figure 4 ) decrease less than the other compound classes when the RH is raised, partially explaining the higher O/C in high humidity conditions ( Figure 6 ) and a change in density (of dried aerosol) from 1.39 ± 0.01 g cm −3 in dry conditions to 1.42 ± 0.01 g cm −3 in humid conditions. Particle organic composition does not change during and after cloud events (RH > 90%; Figure 5b ,c), which can be explained by the fact that (i) SOA formed during clouds has a similar elemental composition to SOA formed in humid conditions and (ii) SOA produced during clouds is characterized by semivolatile compounds, which re-evaporate gradually after cloud dissipation resulting in SOA with a similar composition and size distribution as before the cloud events, as previously observed by Breǵonzio-Rozier et al. 37 for isoprene photooxidation experiments.
3.3. SOA Composition at Molecular Level. 3.3.1. Molecular Composition of SOA and Behavior of Isoprene SOA Markers. GC-MS measurements were done for SOA formed from the photooxidation of both methacrolein and isoprene 37, 53 in dry, control experiments (methacrolein, isoprene), triphasic gas-particles-cloud experiments (methacrolein, isoprene) and diphasic gas-cloud experiments (isoprene only).
Results show that, in all experiments, SOA mass is dominated by a relatively small number of compounds that make up to ∼50% of the total aerosol mass (Figure 7) . The most abundant 
The Journal of Physical Chemistry A
Article compound is 2-MG, followed by its dimer (2-MG-dimer). A linear and a branched trimer of 2-MG were also detected in all experiments. In the control and triphasic experiments with isoprene as the precursor, small amounts of 2-methyltetrols were also detected. These structural elucidations were based on a previous MS characterization study by Szmigielski et al. 74 Three other compounds previously unreported were also detected: 2-methylglyceraldehyde (2-MG-aldehyde), a dimer of both 2-MG and 2-MG-aldehyde, and a compound formed from the esterification of 2-MG with ethylene glycol (2-MG-EGE), although the latter was not detected in all experimental repeats. For all these compounds, authentic standards were not available. The concentrations reported for 2-MG oligomers are likely to represent a lower limit, which does not take into account possible thermal degradation in the GC inlet and hydrolysis of 2-MG oligomers during trimethylsilylation prior to GC-MS analysis.
Nevertheless, in general GC-MS results show no significant quantitative differences in composition between isoprene control, isoprene diphasic, isoprene triphasic, methacrolein control, and methacrolein triphasic experiments, taking into account the variability of the experimental repeats. This result supports the hypothesis that during cloud events, metastable aqSOA is formed from dissolution of water-soluble VOCs onto cloud droplets via reversible reactions, with no significant change in aerosol composition after cloud evaporation. However, in the ambient atmosphere aerosol composition is more complex, and the presence of inorganic components can drastically influence the solubility and the reactivity of the organic compounds in the aqueous phase. For example, it was 
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The Journal of Physical Chemistry A Article observed that methacrolein-derived SOA was suppressed in the presence of acidic sulfate seeds in southeastern U.S. 25, 65 Our results also highlight the importance of 2-methylglyceric acid and related compounds in isoprene-derived SOA. In field measurements, 2-methylglyceric acid, together with 2-methyltetrols, is often used as a tracer for isoprene SOA. 24, 75, 76 For example, Kleindienst et al. 76 used laboratory-based mass fractions of tracers to estimate the contribution of different precursors to SOA in a U.S. location. However, Hu et al. 75 found that the NO x level and RH were not sufficient to explain changes in the ratio of 2-methylglyceric acid to 2-methyltetrols in aerosol of land, ocean, and Antarctic origin, suggesting that temperature may play a pivotal role. Our study shows that oligomerization of 2-methylglyceric acid is very important, with high concentrations of dimers and trimers, but also cooligomers, reaching up to 15−20% of SOA mass under NO x conditions, so that this process should be taken into account in the ambient atmosphere. Such a mechanism is likely to become increasingly important in a warmer atmosphere, which enhances emissions of biogenic VOCs and oligomer formation, as observed recently by Kourtchev et al. 41 Complementary analyses revealed the presence of longer oligomers and provided more detailed information on the differences among different experimental conditions as discussed below.
3.3.2. Oligomerization in Multiphase and in AqueousPhase Experiments. Samples from the photooxidation of methacrolein in control and triphasic experiments were also analyzed with nanoESI-HRMS, and results are compared here with a triphasic experiment performed at ∼60% RH from the start of the reaction and also with aqueous-phase photooxidation experiments of methacrolein (aq) by ·OH (aq) (without NO x ). Details of the experiments done in the aqueous photoreactor are discussed in the Supporting Information.
In control experiments of methacrolein photooxidation in dry conditions, 1016 CHO compounds were detected, while in triphasic experiments, only 759 CHO compounds were detected. On the one hand, the detection of a smaller number of compounds in triphasic experiments is likely caused by evaporative losses at high RH. On the other hand, in triphasic experiments performed at ∼60% RH from the start of the reaction, 1573 CHO compounds were detected, more than in the control and triphasic experiments started in dry conditions, suggesting that long-term oxidation in humid conditions favors the formation of a larger variety of organic compounds and affects SOA composition more than two relatively short cloud events. The number of organic compounds produced in aqueous-phase experiments (in NO x -free conditions) was 483 after a reaction time of 15 min and increased to 831 after a reaction time of ∼3 h, illustrating how the chemical system becomes increasingly complex with time. Unexpectedly in triphasic experiments, SOA seems to be less oxidized than in control experiments (Figure 8 ), while HR-TOF-AMS results suggest the opposite ( Figure 6 ). This can be explained by the fact that the HR-TOF-AMS instrument measures the bulk composition of the aerosol quantitatively, while direct infusion in nanoESI-HRMS measures the composition of the aerosol qualitatively at the molecular level. Conversely, we can exclude that this difference is due to sampling/extraction/collection artifacts. It is noted that the HR-TOF-AMS technique has a lower collection efficiency for oxidized compounds compared to non-oxidized compounds, 77 while methanol used for filter extraction provides a better extraction efficiency for oxidized compounds so that instrumental artifacts would lead to the opposite result. In addition, GC-MS results reveal that the SOA mass is dominated by a rather small number of compounds, which are likely to give a strong contribution to the bulk oxidation level measured by the HR-TOF-AMS technique. Figure 8 also illustrates that aqueous-phase experiments (Figure 8b) show a markedly different qualitative composition compared to smog chamber experiments (Figure 8a ), albeit more similar to the triphasic experiments. These differences were investigated in more depth in terms of composition of the oligomers produced in the different experimental conditions. HRMS data of SOA in control experiments, triphasic experiments, triphasic experiments at high RH, and aqueous photooxidation experiments were analyzed with MonomerHunter to detect the most common recurrent mass differences (i.e., monomers) between two peaks in the mass spectra. The MonomerHunter results are simply calculated mathematical monomers in terms of exact mass differences between two peaks. It is therefore an upper-limit estimate of the total number of monomers, because some calculated "monomers" are not actual monomers in a chemical sense. Results are shown in Figures 9 and 10 and Tables S5 and S6. Very long homologous series of peaks, with mass ranging up to ∼1500 Da with three or more members and separated by the same repeating unit ("monomer") were detected in all types of experiments, as observed in previous studies of isoprene photooxidation, 15, 16 isoprene ozonolysis in a smog chamber, 78 and isoprene, methacrolein, and methyl vinyl ketone bulk aqueous photooxidation. [48] [49] [50] 79, 80 Formation of such long oligomers can be explained by high concentrations of VOC The Journal of Physical Chemistry A Article precursor used in these experiments. As shown by Kourtchev et al., 41 the formation of oligomers is correlated with the initial precursor concentration (excluding a strong influence from instrumental artifacts and) confirmed by liquid chromatography mass spectrometry (LC-MS) measurements of monoterpene SOA. 56 The most important repeating units correspond to 2-methylglyceric acid (C 4 H 8 O 4 and C 4 H 6 O 3 ), acetaldehyde (C 2 H 4 O), glycolaldehyde (C 2 H 4 O 2 and C 2 H 2 O), hydroxyacetone (C 3 H 4 O), methyglyoxal/lactic acid/acrylic acid (C 3 H 4 O 2 ), and pyruvic acid (C 3 H 4 O 3 ). Other common but small repeating units are methyl, oxygen, water, and formaldehyde. The extremely large number of pairs that they connect, up to ∼700 pairs (Tables S5 and S6) , point out the complexity of aerosol composition characterized not only by homologous series but by a large co-oligomerized system containing monomers of different structures, also observed by Renard et al. 81 in the aqueous-phase oligomerization of mixtures of α,β-unsaturated carbonyls.
A lower number of oligomer series and shorter series (with a smaller number of repeating units) were observed in triphasic experiments starting from dry conditions compared with control experiments probably due to hydrolysis during cloud events ( Figure 9 ). However, triphasic experiments starting at 60% RH were characterized by many more and longer oligomers, up to 120 oligomers with more than 4 monomer units and up to 11 monomer units ( Figure 10) .
A markedly different reactivity was observed for oligomers produced in dry conditions, multiphase conditions starting at 60% RH, and in the aqueous phase. As shown in Figure 10 , 2-methylglyceric acid is the most recurrent monomer in SOA formed in experiments starting in dry conditions, and its oligomers are likely formed predominantly by esterification (repeating unit C 4 H 6 O 3 from loss of a water molecule). Conversely, methacrolein (C 4 H 6 O) and acetone (C 2 H 6 O) are important monomers in aqueous-phase oxidation, while they do not lead to a long homologous series in the control and triphasic smog chamber experiments. This could be due to their higher volatility and low solubility and therefore scarce repartitioning into water droplets, as shown in Figure 3 . The mechanism of oligomerization for methyl vinyl ketone in the aqueous phase has been shown to proceed via radical initiation and propagation; 48, 50, 82 hence, O 2 dissolved in the water droplets could also have an effect in smog chamber conditions. In this respect, it has been shown in a previous study that dissolved O 2 inhibits radical oligomerization, 48 and water The Journal of Physical Chemistry A Article droplets in atmospheric conditions are likely to be saturated with O 2 assuming partitioning equilibrium. 49 In addition, oxidation in the condensed phase is limited by the uptake of ·OH from the gas phase. 83 In smog-chamber experiments, 2-hydroxy-2-methylbutanedial (C 5 H 8 O 3 ) 16 is another important monomer making up to 96 (>4 units) homologous series with up to 9 monomer units, producing hemiacetals through addition chemistry, 16 while it is not as important in aqueous-phase oxidation likely due to hydrolysis of hemiacetals. However, glycolaldehyde, which is expected to react via a similar mechanism, 16 is an important monomer in all tested conditions.
Results for the triphasic experiments at ∼60% RH show that SOA presents characteristic homologous series of all three control, triphasic, and aqueous-phase experiments. This suggests that a long-term oxidation at high RH (7−8 h) affects SOA composition to a higher degree than a couple of relatively short cloud events (∼15 min). In fact, at RH > 60% isoprene SOA has a viscosity of a liquid, therefore creating the conditions for reactions in the condensed phase (wet aerosol) to occur. 62, 84 This is supported by aqueous-phase experiments performed for a longer reaction time, where we have observed a wider variety of different and longer oligomers compared to experiments performed with a shorter reaction time ( Figure  S3 ). In general, on the one hand, SOA produced at high RH is characterized by many different and longer oligomers compared to experiments started in dry conditions in contrast to what was observed in previous experiments by Nguyen et al. 15 On the other hand, Rodigast et al. 46 observed a dependence of oligomer formation from methylglyoxal not only on RH but also on pH of seed particles, which may partly explain our results, as methylglyoxal is one of the reaction products.
In addition, the aerosol liquid water content (ALW) at 60% RH in our experiments (before RH increase to 80%) was ∼4−5 μg m −3 as estimated using f44 (from HR-TOF-AMS data) 85 and the calculation described in Guo et al. 86 This value is in line with an average ALW of 3.2 μg m −3 in rural sites, reported by Nguyen et al. 87 With such an ALW, it is sufficient to dissolve 1/ 1000 of the organic aerosol matter to obtain concentrations in the water layer of ∼1.5−3 × 10 3 mgC L −1 that are comparable with the methacrolein concentrations used in the aqueousphase experiments (see Section S1.3). Such a partitioning between organic and aqueous phase in the aerosol seems quite easy to get to. Our results suggest that such ALW content is sufficient to promote aqueous-phase oligomerization in addition to the gas-phase mechanism, if the reaction time is comparable (long-term reaction at high RH rather than two relatively short cloud events).
Concerning organonitrogen compounds, the photooxidation of methacrolein produced 2527, 1147, and 1806 CHNO compounds in dry control experiments, triphasic experiments, and triphasic experiments performed at ∼60% RH from the start, which is consistent with the results discussed above. The majority of monomers extracted with MonomerHunter do not contain nitrogen. Only two mass differences corresponding to nitrogenated compounds were found in the top 50 monomers for CHNO compounds: CHNO 2 (likely to be too small to be considered an oligomer building block) and C 5 H 7 NO 5 , which was previously observed in SOA from isoprene photooxidation in the presence of NO x .
88 N-Containing oligomers are therefore characterized by a N-containing precursor to which a C x H y O z repeating unit is added (Table S6 and Figure S2 ). Those oligomers show a similar distribution between different experimental conditions as observed for CHO compounds. The observation of many organonitrogen compounds with nano-ESI-HRMS is not in contradiction with HR-TOF-AMS data showing the presence of only one fragment (C 4 H 7 N 2 O 3 + ) containing nitrogen: the former instrument provides qualitative information on the molecular composition of aerosol, while the latter provides quantitative information but uses a hard ionization technique (i.e., EI) that heavily fragments high molecular-weight compounds.
CONCLUSIONS
In the present study, we have investigated the impact of cloud events on SOA formation from the photooxidation of methacrolein in the presence of NO x and the effect of this phenomenon on SOA composition both in the short term (during cloud events) and in the long term (after cloud dissipation).
We have found that a single and relatively short cloud event triggers immediate formation of aerosol although partly masked by fast evaporative losses. These losses may be caused by The Journal of Physical Chemistry A Article hydrolysis of oligomers and re-evaporation of semivolatile compounds, which are enhanced at high RH and acidic pH. 45, 64 Formation of aqSOA is characterized by the appearance of a second mode at larger diameters, associated with the "droplet mode" previously observed in the atmosphere 67−69 and in isoprene SOA experiments conducted in the same conditions. 37 The droplet mode is metastable in the simulation chamber, probably as an effect of gas-particles-wall repartitioning of semivolatile compounds.
In all experimental conditions, aerosol mass is dominated by a rather small number of compounds, including 2-methylglyceric acid and its dimers and trimers. Concerning these compounds, no significant changes have been observed between different types of experiments (control vs cloud experiments) and between the two different studied precursors (isoprene vs methacrolein). However, dimers and trimers of 2-methylglyceric acid can make up to 15−20% of the total SOA mass, and therefore the reactivity of this isoprene SOA tracer needs to be taken into account in studies inferring the contribution of isoprene to ambient aerosol.
Detailed chemical characterization at the molecular level reveals a large number of long homologous series of oligomers in all experiments together with a complex co-oligomerized system consisting of monomers with a large variety of different structures. Some compositional changes were observed between control experiments and triphasic (gas-particle-clouds) experiments that are attributed to evaporative losses observed at high RH as well as hydrolysis of oligomers. However, in triphasic experiments performed at high RH for 7−8 h SOA composition is characterized by a wide variety of different and longer oligomers compared to experiments started in dry conditions. On the one hand, this is in contrast to what was observed in previous studies by Zhang et al. 45 and by Nguyen et al. 15 On the other hand, Rodigast et al. 46 observed a dependence of oligomer formation from methylglyoxal not only on RH but also on pH of seed particles, which may partly explain our results, as methylglyoxal is one of the reaction products.
As expected, comparison of oligomer series in SOA from multiphasic (smog-chamber) experiments in the presence of NO x and samples from aqueous-phase oxidation of methacrolein with ·OH radical in NO x -free conditions pointed out different types of oligomerization mechanisms dominating the two different systems. In multiphasic experiments started in dry conditions, reversible reactions, such as esterification and hemiacetal formation, seem to be the dominant processes, while other oligomerization processes occur in bulk aqueousphase oxidation of methacrolein (Monod et al., in preparation). Aqueous-phase experiments were conducted on oxidation of methacrolein dissolved in water by ·OH produced in situ. In a multiphase environment, as in the smog chamber or in the ambient air, aqueous oxidation is limited by uptake of reagents in the water droplets, which is rather limited in the case of methacrolein 89 and especially ·OH. 11 However, SOA produced in triphasic experiments starting from 60% RH is characterized by oligomer series observed in both triphasic experiments starting in dry conditions and in aqueous-phase experiments. Previous studies suggested that aqueous chemical processes occur in adsorbed water layers as well as in deliquescent aerosol 90 and that isoprene SOA is liquid at 60% RH. 62, 84 Therefore, long reaction times at high RH create the conditions for more pronounced aqueous-phase processing to occur compared to two relatively short cloud events.
In ambient conditions, the presence of more chemically heterogeneous systems and highly internally and externally mixed particles may dramatically change the reactivity compared with a single-precursor, yet complex, system. The presence of other species (such as photosensitizers, watersoluble inorganic species, and transition metals) as well as different pHs and temperatures are likely to have a significant impact on SOA formation and its composition in the aqueous phase. 7, 90 For example, it was observed that methacroleinderived SOA was suppressed in the presence of acidic sulfate seeds in southeastern U.S. 25, 65 Fundamental laboratory work is necessary to develop the essential framework for understanding the mechanisms of oligomer formation. However, our study points out the need to conduct more experiments with complex chemical systems in a dynamic multiphase environment that can realistically reproduce the complexity of the gas-particledroplet interaction in atmospheric conditions, as heterogeneous processes, specific to multiphase chemistry (e.g., at the air/ water interface) may be important for aerosol properties in the atmosphere. 91 
